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Velocity discrimination thresholds were determined for 1 c/deg drifting gratings when uncertainty 
about the reference velocity was introduced by interleaving stimuli with different reference 
velocities from trial to trial. When drifting gratings with reference velocities panning 4 octaves (1- 
16 deg/sec) were mixed randomly within a series of trials, the velocity discrimination threshold for a 
4 deg/sec stimulus increased by more than a factor of 3. The threshold elevation decreased as the 
range of interleaved velocities was reduced from 4 to approx. 0.75 octaves, below which velocity 
interleaving had little effect. In contrast, when gratings that spanned a 4-octave range in spatial 
frequency were interleaved on successive trials, velocity discrimination for 4 deg/sec was essentially 
unaffected. Our results indicate that the psychophysical mechanisms underlying velocity 
discrimination are not spatial-frequency specific, but are tuned to the velocity or speed of the 
stimulus. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 
The ability of human observers to discriminate small 
velocity differences with high precision supports the 
hypothesis that a unique machinery exists in the visual 
system that finely encodes image velocity. This hypoth- 
esis is also supported by physiological evidence that 
velocity information is processed within the specialized 
motion-sensing system (e.g., Maunsell & van Essen, 
1983). Given the existence of a neural representation for 
stimulus velocity, many fundamental aspects of the 
velocity mechanism need to be illuminated. We have 
some knowledge of spatial and temporal processing of 
motion signals (e.g., Anderson, Burr & Morrone, 1991; 
Morgan, 1992; Yang & Blake, 1994). However, we have 
little information about whether or how the velocity 
mechanisms that mediate psychophysical performance 
are tuned to velocity per se, although the response 
characteristics of individual motion-sensitive n urons in 
cortical area MT suggest velocity tuning (e.g., Maunsell 
& van Essen, 1983; Movshon, Newsome, Gizzi & Levitt, 
1988). 
One approach to studying the mechanisms that under- 
lie psychophysical performance is to examine how 
external stimulus uncertainty, which can be introduced 
by presenting several possible visual signals in a random 
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order, affects the observer's responses. The rationale 
behind this approach is that externally uncertain signals 
extend visual processing from the one or few mechanisms 
that are most sensitive to the stimulus to additional 
mechanisms that do not ordinarily participate in a specific 
task. It has been demonstrated that human observers' 
detection and discrimination thresholds for various visual 
attributes, such as contrast and spatial frequency, can be 
significantly influenced by stimulus heterogeneity along 
the corresponding dimensions. For example, Davis and 
Graham (1981) found that thresholds in a contrast 
detection task were elevated when stimuli of different 
spatial frequency were intermixed in a block of trials. 
Subsequently, Greenlee and Thomas (1993) showed that 
thresholds for discriminating the spatial frequency of 
suprathreshold targets increased with the spatial fre- 
quency bandwidth of the stimuli, which was manipulated 
by the width of spatial gaussian windowing. Similar 
results have been reported for motion detection. Sekuler 
and Ball (1977) determined that an array of moving 
targets was less detectable when the observers were 
unsure about the direction or speed of motion and 
Williams, Phillips and Sekuler (1986) demonstrated that 
the detection of global motion depends on the history of 
the stimulus-direction content, with lower thresholds 
when the stimuli were shifted from coherent to random 
motion than vice versa. Taken together, these results 
suggest hat visual-signal uncertainty about a specific 
aspect of the stimulus can impair the sensitivity and 
precision of visual processing along that stimulus 
dimension. 
The results of previous velocity discrimination studies 
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(e.g., Pantle, 1978; Thompson, 1983; Orban, Wolf & 
Maes, 1984; McKee, Silverman & Nakayama, 1986; 
Chen, Bedell & Frishman, 1995) were obtained under 
the condition that stimuli of similar velocity were 
presented sequentially in a single experimental run. In 
other words, there are virtually no systematic data, to our 
knowledge, about the effect of velocity uncertainty on 
velocity discrimination (but see Verghese & Stone, 
1995). Such data would be very useful for inferring the 
characteristics of the mechanisms involved in velocity 
discrimination. In this study, we examined the effect of 
different amounts of trial-to-trial stimulus uncertainty on 
velocity discrimination. Here, stimulus uncertainty refers 
to a random presentation of different reference velocities 
within a single experimental run. If  discrimination is 
mediated by velocity-sensitive mechanisms with limited 
bandwidths, then interleaving stimuli of different velo- 
cities should be expected to produce internal uncertainty 
among these velocity mechanisms, and raise discrimina- 
tion thresholds. For comparison, the same interleaving 
strategy was used for spatial frequency; stimuli of 
different spatial frequencies but with the same reference 
velocity were interleaved within a single experimental 
run .  
METHODS 
Stimuli 
The stimuli used for velocity discrimination were 
patches of moving gratings, generated on a Mitsubishi 
CRT by a Cambridge VSG2.2 board based in a PC 
computer. The display had a mean luminance of 50 cd/m 2 
and was viewed binocularly at a distance of 1.7 m in a 
dimly lighted room. The frame rate was 70 Hz. Grating 
patches were 6 deg in diameter, presented within a 
13 x 10 deg surround of the same mean luminance. A 
small central-fixation cross was provided. 
During the course of each experimental run (defined in 
the Procedure section), reference velocities ranging from 
1 to 16 deg/sec were either selected randomly from five 
different values on a trial-to-trial basis (the velocity- 
interleaved condition) or kept the same throughout (the 
uniform-velocity condition). Under the velocity-inter- 
leaved condition, the five reference velocities were 
nominally 1, 0.5, 0.25 or 0.125 octaves apart, respec- 
tively, with a central value of 4 deg/sec (as specified in 
Table 1). 
Under the uniform-velocity condition, only one of the 
five reference velocities (1, 2, 4, 8 and 16 deg/sec) was 
used in a single experimental run. The spatial frequency 
and contrast of the gratings were 1 c/deg and 40%, 
respectively, both of which were jittered by 10% in order 
to minimize the potential influence of spatial, temporal or 
contrast cues on velocity discrimination. In a separate 
experiment, the reference velocity was maintained 
constant from trial to trial but different spatial frequen- 
cies were interleaved; five spatial frequencies (see Table 
1) were randomly presented within one experimental run 
while the velocity was maintained at 4 deg/sec by 
adjusting temporal frequency. The stimuli were displayed 
in a 200 msec temporal window, during which the 
contrast was modulated through one half cycle of a 
sinusoid. 
Procedure 
Velocity discrimination thresholds were determined 
using a two-alternative t mporal forced-choice staircase 
procedure. In each experimental trial, two drifting 
gratings were presented sequentially, one moving at the 
reference velocity alone and the other moving at the same 
velocity plus an increment. The time interval between the 
two grating presentations within a trial was 1 sec. The 
time interval between successive trials was 2 sec. In a 
pilot study, we obtained similar results using 1 sec as the 
inter-trial interval. The initial increment was set at 100% 
of the reference velocity. 
The observers' task was to indicate which of the two 
presentations contained the stimulus of greater velocity. 
Since the two stimuli within a trial were identical except 
for a velocity increment, perceived velocity bias between 
the two presented stimuli need not be considered here. 
The observers were instructed specifically to overlook 
differences in reference velocity or spatial frequency 
between trials, if present, and to make judgments only 
upon the velocity difference within each trial. After each 
velocity judgment, the magnitude of the velocity 
increment was decreased by 15% for a correct response 
or increased by 20% otherwise. Simulations indicate that 
this decision rule tracks a threshold corresponding to 
approx. 56% correct, with essentially the same coefficient 
of variation as a 1 up-2 down staircase that tracks the 
71% correct threshold. Thirty trials comprised one 
experimental block, which is labeled by a specific 
reference velocity or spatial frequency. Five blocks 
composed one experimental run, which is labeled 
according to one of the three following conditions: (1) 
velocity-interleaved; (2) uniform velocity; and (3) 
spatial-frequency-interleaved. For a velocity-interleaved 
run, five blocks of different reference velocity were used. 
The trials in one block were not presented successively 
but interleaved with those in other blocks, i.e., the five 
different reference velocities were presented in a random 
sequence. For a uniform-velocity run, five identical 
blocks were used, i.e., all 150 trials had a single reference 
TABLE 1. The parameters u ed for velocity- and spatial-frequency-interleaving 
Velocity-interleaved I ( eg/sec) 
Velocity-interleaved II (deg/sec) 
Velocity-interleaved III (deg/sec) 
Velocity-interleaved IV (deg/sec) 
Spatial-frequency-interleaved (c/deg) 
l 2 4 8 16 
2 2.9 4 5.8 8 
2.9 3.3 4 4.8 5.8 
3.3 3.6 4 4.3 4.8 
0.25 0.5 1 2 4 
1 octave apart, 4 octaves in total. 
0.5 octave apart, 2 octaves in total. 
0.25 octave apart, l octave in total. 
0.125 octave apart, 0.5 octave in total. 
1 octave apart, 4 octaves in total. 
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velocity. For a spatial-frequency-interleaved run, five 
blocks of different spatial frequency were used. Again, 
the trials in one block were not presented successively but 
interleaved with those in other blocks, i.e., the five 
different spatial frequencies were shown in a random 
sequence. For all three types of experimental run, the 
increase or decrease of the velocity increment in one 
block was independent of changes of other blocks, 
regardless of the presentation sequence of individual 
trials. 
Under the velocity- and spatial-frequency-interleaved 
conditions, the mean of all staircase reversals (usually 4 -  
8) in each block that contained the same reference 
velocity or spatial frequency produced one estimate of 
the velocity discrimination threshold and, for each 
observer, four estimates were obtained from four separate 
runs. The geometric mean of the four estimates was taken 
as the discrimination threshold. Under the uniform 
velocity condition, the mean of all staircase reversals 
(usually 4-8) in each block produced one estimate and 
five estimates obtained from the five blocks in one 
experimental run were geometrically averaged to deter- 
mine the discrimination threshold. 
Data were collected for three observers, two of whom 
were unaware of the purpose of the experiment. 
Substantial practice was provided to each observer prior 
to the data collection. 
RESULTS 
Discrimination thresholds for  the velocity-interleaved 
stimulus 
In Fig. 1, AV/V is plotted as a function of velocity for 
three observers in separate panels. Under the uniform- 
velocity condition (filled symbols), the discrimination 
thresholds approach optimal values of approx. 0.04-0.06 
at intermediate velocities (between 2 and 4 deg/sec) and 
increase at lower and higher velocities. The mean 
standard errors are approx. 10% of the discrimination 
thresholds. The velocity discrimination functions in Fig. 
1 are similar in shape to those reported previously (e.g., 
Thompson, 1983; Panish, 1988), although optimal 
discrimination sometimes extended to velocities higher 
than 4 deg/sec (Pantie, 1978; McKee et al., 1986; Smith, 
1987). The velocity at which discrimination thresholds 
become impaired may be related to the visibility of the 
moving stimulus (Thompson, 1983; Orban et al., 1984; 
Chen et al., 1995). 
When the different reference velocities were inter- 
leaved over a range of 4 octaves (velocity interleaved I,
see Table 1), the discrimination thresholds (open 
symbols) increased substantially, especially at intermedi- 
ate velocities. For example, at 4 deg/sec, the average 
value of AV/V for the three observers was 0.052 for the 
uniform-velocity stimulus and 0.183 for the velocity- 
interleaved stimulus. A threshold elevation, due to the 
use of different reference velocities in successive trials, is 
not present at 16 deg/sec, which was the highest velocity 
tested. Instead, the values of AV/V for both velocity 
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FIGURE 1. Velocity discrimination thresholds for velocity-interleaved 
vs uniform-velocity stimuli. The values of AV/V are plotted as a 
function of base reference velocity for three observers: MQ (top), TT 
(middle) and YC (bottom). The open symbols, joined by dashed lines, 
represent the data obtained with the stimuli whose base reference 
velocities were interleaved over 4 octaves (from 1 to 16 deg/sec); the 
solid symbols, joined by solid lines, represent the data obtained with 
stimuli of uniform base reference velocity. The error bars indicate i 1 
standard error of measurement. 
conditions overlapped at this velocity. The reason for the 
absence of a velocity-uncertainty effect at this high 
velocity is not clear. However, based on the shape of the 
temporal contrast sensitivity function (e.g. Robson, 
1966), observers may have been sensitive to velocity- 
related differences in the visibility of the gratings when 
the reference velocity was 16 deg/sec, despite jitter in the 
contrast of the targets within each trial. 
Effect of the velocity-interleaving range on discrimina- 
tion thresholds 
Velocity discrimination was examined further for 
different velocity-interleaving ranges. As detailed in 
Table 1, the reference velocity was always centered at 
4 deg/sec, but the range of interleaved velocities varied 
from 0.5 to 4 octaves (velocity interleaved I, II, III, and 
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FIGURE 2. Velocity discrimination thresholds for different ranges of 
velocity interleaving. At the top of the figure, the four ranges, over 
which velocity was interleaved, are indicated by the pairs of numbers 
along each axis. In the graphs, the symbols correspond to the data 
presented for each of these interleaved conditions. These plots show 
velocity discrimination thresholds for four interleaving ranges for the 
individual observers MQ (top) and YC (bottom) and for three 
interleaving ranges for TI" (middle). Velocity discrimination thresh- 
olds obtained for non-interleaved stimuli are replotted from Fig. 1 
(dotted lines) for comparison. 
IV). The discr imination thresholds obtained for the 
different velocity- inter leaving ranges are shown in Fig. 
2. A l though there are individual differences, a common 
feature in the results of  the three observers is that the 
values of  AV/V remain low (approx. 0.05-0.1) until the 
range of interleaved velocit ies extends beyond about one 
octave, and then increases roughly as a function of the 
velocity- inter leaving range. For  0.5 and 1 octave ranges 
of velocity interleaving, several data points (fil led circles 
and open diamonds) are close to the discrimination 
thresholds obtained in the uniform-velocity condition, 
indicating only a l imited threshold elevation from 
velocity interleaving in these conditions. As already 
shown in Fig. 1, the effect of uncertainty on velocity 
discrimination becomes dramatic when the interleaving 
exceeds this relatively small range of  velocit ies (fil led 
squares and open triangles). 
Effect of spatial-frequency interleaving on velocity 
discrimination thresholds 
To evaluate whether the effect of  trial-to-trial un- 
certainty is specific for stimulus velocity, velocity 
discrimination thresholds were examined for observers 
MQ and YC using spatial- frequency-interleaved stimuli. 
Figure 3 shows that velocity discr imination thresholds 
change very little when stimuli of  different spatial 
frequencies (range = 4 octaves, see Table 1) are inter- 
leaved from trial to trial. For  a reference velocity of 
4 deg/sec, no systematic threshold change is apparent 
between the uniform-velocity condit ion (filled squares) 
and the spatial - frequency- inter leaved condit ion (open 
circles) for either observer. These results indicate that the 
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FIGURE 3. Velocity discrimination thresholds for spatial-frequency- 
interleaved stimuli. The values of AV/V at a base reference velocity of 
4 deg/sec are plotted as a function of spatial frequency for observers 
MQ (top) and YC (bottom). The open circles, joined with a solid line, 
represent the data obtained when the spatial frequency of the stimulus 
was interleaved from trial to trial over a 4-octave range (from 0.25 to 
4 c/deg). For comparison, discrimination thresholds for 4 deg/sec are 
plotted as open squares for the velocity-interleaved stimuli (4 octaves), 
and as filled squares for the uniform-velocity stimuli (i.e., non- 
interleaved). 
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effect on velocity discrimination, if any, of interleaving 
spatial frequency over a 4 octave range is very limited. 
DISCUSSION 
Relationship to previous studies 
Sekuler & Ball (1977; Ball & Sekuler, 1980) demon- 
strated that the detection of moving targets is impaired 
when observers are uncertain about the direction or 
velocity of the motion that will be presented. In their 
experiments, the probability of detection was lower and 
the reaction time was longer when observers were 
uncertain which of two directions or velocities of motion 
would be presented on a trial, compared with when the 
same moving stimulus was presented each time. They 
further demonstrated that the magnitude of this un- 
certainty effect increased with the difference in either the 
direction or velocity of motion between the two 
interleaved stimuli. Later, Williams et al. (1986)found 
that, to detect the direction of motion in an array of 
moving dots, a higher percentage of dots had to move in 
the same direction when the motion changed from 
random to partially coherent han vice versa. These 
results indicate that processing of the direction and 
velocity of motion depends on the recent history of visual 
stimulation, as well as on the characteristics of the 
stimulus presented on each trial. 
Our study demonstrates that for the range of references 
velocities tested, trial-to-trial uncertainty about stimulus 
velocity also elevates discrimination thresholds, and that 
the amount of threshold elevation depends on the range of 
velocities interleaved. Verghese and Stone (1995) jittered 
the velocity of grating stimuli over a small range (+0.125 
octave) from trial to trial around an average value of 
5.3deg/sec and found that velocity discrimination 
thresholds for their peripherally viewed targets were 
elevated. However, the threshold elevation corresponds 
to only approx. 0.1 log units, which is qualitatively 
consistent with the minimal increase in discrimination 
thresholds that we found when the range of interleaved 
velocities is small (see Fig. 2; also Fig. 4, below). 
Magnussen and Greenlee (1992) temporally intercalated 
an extraneous velocity stimulus between the two 
comparison stimuli on each trial and documented 
substantially impaired discrimination. Specifically, an 
extraneous target that moved 1 octave faster or slower 
than the stimuli to be discriminated raised AV/V by more 
than a factor of 2. 
We also examined velocity discrimination for spatial- 
frequency-interleaved stimuli, which provides a condi- 
tion in which trial-to-trial uncertainty occurs along a non- 
discriminated imension. Unimpaired velocity discrimi- 
nation in this paradigm is consistent with the results from 
other studies (McKee et al., 1986; Chen et al., 1995; but 
also see Smith, 1987), in which velocity discrimination 
was found to be unaffected when stimuli of different 
spatial frequencies were compared within each trial. As 
already noted in the Introduction, interleaving stationary 
stimuli of different spatial frequencies from trial to trial 
o MQ V:4deg/s  
<> TT C:40% 
[] YC  
o" 
0.01 f .  . . . . . . . . .  ' . . . . . . .  
0 1 10 
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FIGURE 4. Velocity discrimination thresholds for a 4 deg/sec, 1 c/deg 
stimulus vs the range of interleaved velocities, in octaves. Data are 
shown for three observers. The solid curve indicates the best-fitting 
equation to the data of the form AV/V = x /o  "2 -~ kl a, with asymptotic 
slopes of 0 (small interleaving range) and 0.76 (large interleaving 
range). 
impairs contrast detection (Davis & Graham, 1981) and 
spatial frequency discrimination (Greenlee & Thomas, 
1993). We should mention that although the physical 
velocities were adjusted to be equal when stimuli of 
different spatial frequencies were interleaved, the 
perceived velocities of these stimuli were not the same. 
In another study (Chen et al., 1995), 0.25 and 4 c/deg 
drifting gratings--the lowest and highest spatial frequen- 
cies in our spatial-frequency interleaved condition-- 
differed in perceived velocity by approx. 0.48 octaves. 
When the velocities of same-spatial frequency gratings 
were interleaved over a 0.5-octave range in the present 
study, the velocity discrimination threshold increased by 
less than 0.05 log units (Fig. 2; also see Fig. 4, below). 
The variation of perceived velocity secondary to inter- 
leaving stimuli of different spatial frequencies would be 
expected to produce a similar small effect. 
It is possible that the time interval between trials of any 
one velocity in the interleaving sequence could influence 
velocity judgments. However, Magnussen and Greenlee 
(1992) showed that velocity discrimination was unaf- 
fected when the time interval between two comparison 
velocities within a trial was increased from 1 to 30 sec. 
This finding, along with our observation that 1- and 2-sec 
inter-trial intervals yielded similar results, suggests that 
the threshold elevation that accompanies velocity-inter- 
leaving is not attributable to a factor like memory decay, 
that results simply from the temporal delay between 
stimuli of comparable velocity in the interleaving 
paradigm. 
Explanations for the stimulus-uncertain~ effect 
To account for their results, Ball and Sekuler (1980) 
proposed that different visual mechanisms mediate 
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detection of a specific motion stimulus in the presence 
and absence of direction or velocity uncertainty*. 
Specifically, they postulated that the human visual 
system contains an ensemble of motion mechanisms, 
tuned to various combinations of velocity and direction. 
In the absence of trial-to-trial uncertainty, detection is 
mediated by the mechanism in the ensemble that is tuned 
to yield the highest sensitivity to the presented stimulus. 
However, when there is uncertainty about which of two 
distinctly different stimuli will be presented on a trial, 
Ball and Sekuler hypothesized that the observer monitors 
a single mechanism with its peak sensitivity midway 
between the two possible stimuli. This strategy ensures 
that the observer will remain equally sensitive to both 
stimuli but, because neither stimulus matches the peak of 
the monitored mechanism, sensitivity to both stimuli 
should decline. Under the plausible assumption that the 
sensitivity of each mechanism falls monotonically from 
its peak value, this "midway" model accounts for their 
finding that a larger difference between the direction or 
velocity of two interleaved stimuli results in a greater 
impairment of detectability. However, their model does 
not readily account for our results. If discrimination were 
mediated by a single velocity-sensitive mechanism, tuned 
to the middle of the range of interleaved velocities, then 
uncertainty should have impaired discrimination for 
velocities at the extremes of the range (e.g., 1 and 
16 deg/sec in Fig. 1), but not for the velocities near the 
center (e.g., 4-8 deg/sec). 
Graham (1989) discussed another class of models to 
account for the elevation of detection thresholds in the 
presence of stimulus uncertainty. The basic assumption 
of this class of "noise" models is that the observer can 
monitor one or several mechanisms virtually simulta- 
neously. If each mechanism is assumed to constitute an 
independent source of noise, optimal detectability is 
achieved when the observer monitors only a single 
mechanism--a useful strategy when the same stimulus is 
presented on each trial. The introduction of trial-to-trial 
uncertainty increases the number of mechanisms that the 
observer must simultaneously monitor, thereby increas- 
ing the number of contributing noise sources and 
decreasing the signal-to-noise ratio for each presented 
stimulus. If a different mechanism is optimally sensitive 
to each of the interleaved stimuli, noise models predict 
that the detection threshold will rise in proportion to the 
square root of the number of different stimuli presented. 
Therefore, the maximum slope of a plot of the log 
detection threshold vs the log number of different 
interleaved stimuli should be 0.5. 
If we assume that velocity discrimination also is 
degraded by uncertainty because of the necessity of 
*Although it is unclear whether uncertainty analyses that stem from 
detection studies also apply to the discrimination of suprathreshold 
stimuli, these concepts form a useful framework for interpreting 
our data. 
tWe recognize that the individual mechanisms which mediate 
discrimination may be generated by combining or comparing the 
outputs of multiple, lower-level mechanisms. 
monitoring multiple mechanismst, we can make the 
following predictions for a plot of the log discrimination 
threshold vs the log range of interleaved velocities. In the 
range where stimulus uncertainty is small, i.e,, the span 
within which a single mechanism mediates velocity 
discrimination, performance in the interleaved and non- 
interleaved conditions should not differ. A further 
increase in the range of interleaved velocities should 
cause discrimination thresholds to rise, with a slope of 
0.5, or less. All of our data were collected using five 
interleaved stimulus velocities; assuming that a separate 
mechanism ediates discrimination for each velocity and 
that the minimum number of optimally sensitive 
mechanisms are monitored, the maximum elevation of 
the discrimination threshold should equal x/-5, or 
0.35 log units. 
Figure 4 plots discrimination thresholds for a target 
moving at 4 deg/sec as a function of the range of 
interleaved velocities to illustrate how the thresholds vary 
with uncertainty about he reference velocity. The line fit 
to the data has the form 
AV/V  z V/~2 + kI a. (1) 
In this equation, "AV/V" is the discrimination threshold 
and "a 2'', which sets the optimal threshold, represents he 
intrinsic noise in the visual system that determines the 
threshold before uncertainty about he reference velocity 
is introduced. The factor "k" scales the value of the 
velocity-interleaving range, "/" (expressed in units of 
octaves), so that its effect on discrimination is compar- 
able with that produced by the intrinsic noise. Finally, the 
parameter "a" defines how the discrimination threshold 
changes with uncertainty and, therefore, determines the 
asymptotic slope of the function in the region where the 
threshold increases with the velocity-interleaving range. 
On the double logarithmic oordinate axes of Fig. 4, the 
asymptotic slope is equal to the quantity (0.5 x a). 
Consistent with the predictions outlined above, the line 
fit to the data remains fairly flat when the range of 
interleaved velocities is small. The fitted curve rises as 
the interleaving range increases, with an asymptotic slope 
of 0.76 + 0.34 (standard error). This fitted slope does not 
differ significantly from 0.5, the maximum expected 
slope if the effect of uncertainty on discrimination is 
produced by noise summation across independent 
mechanisms. However, the observed amounts of thresh- 
old elevation are not quantitatively consistent with the 
prediction: when the range of interleaved velocities was 4 
octaves, the amount of threshold elevation exceeded the 
expected value of 0.35 log units for all three of our 
observers (0.62, 0.42, and 0.58 log units for YC, TT and 
MQ, respectively). One way to bring the observed 
amount of threshold elevation into line with the 
prediction is to postulate that more than five mechanisms 
are involved in discrimination when the range of 
interleaved velocities is 4 octaves. 
Together, a and k can be used to derive the transition 
point from the flat to the sloping portion of the fitted 
function. This point is obtained by equating the two terms 
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on the fight side of equation (1), and then, solving for I 
from the equation 
I = (o-Z/k) l/a. (2) 
Based on the fitted parameters, we estimate the 
transition point to have a value of approx. 0.7 octaves. 
In the context of the assumptions made above, this value 
represents an approximate upper limit for the range of 
velocities over which the observer needs to monitor only 
a single mechanism to achieve optimal velocity dis- 
crimination. Presumably, this value is related to both the 
bandwidth of the mechanism that discriminates velocities 
near 4 deg/sec and to the extent of overlap between this 
mechanism and its neighbors. 
Clearly, the single-channel midway model of Ball and 
Sekuler and the multiple-channel noise models discussed 
by Graham are not the only possible explanations for the 
effect of uncertainty on velocity discrimination. For 
example, a hybrid model, which allows that multiple 
mechanisms can be monitored simultaneously, but at the 
cost of a reduction in the sensitivity of each mechanism, 
would account, qualitatively, for our results. 
Implications fo r  velocity coding 
Using summation and masking paradigms, Anderson 
et al. (1991) demonstrated that the mechanisms that 
detect the direction of moving stimuli are selective for 
spatial frequency. If  spatial-frequency-tuned mechanisms 
were involved directly in velocity discrimination, then 
one would expect that introducing uncertainty among 
the different spatial frequency mechanisms would be 
accompanied by an increase in velocity-discrimination 
thresholds. Our results indicate that spatial-frequency 
interleaving does not affect velocity discrimination, 
which argues against he direct involvement of low-level 
spatial-frequency-tuned mechanisms in velocity discri- 
mination. Psychophysical evidence that motion mechan- 
isms exhibit broad-band sensitivity to spatial frequency 
has been presented elsewhere (Morgan, 1992; Yang & 
Blake, 1994; Chen et al., 1995). In comparison, our 
finding that discrimination thresholds are elevated when 
velocities are interleaved from trial to trial suggests that 
the mechanisms underlying velocity discrimination are 
tuned to a parameter that directly represents timulus 
motion, such as velocity. 
We can take this argument a step farther. Unlike target 
detection (Sekuler & Ball, 1977), Welch (1989) showed 
that velocity discrimination thresholds remain low when 
different directions of motion are randomly interleaved 
within each trial, implying that uncertainty in the 
direction of motion is irrelevant for the mechanisms that 
mediate discrimination. It has also been reported that 
speed matching (Smith & Edgar, 1994) and speed 
discrimination (Chen, 1994) can be made equally well, 
regardless of whether the stimuli move in the same or 
different directions. An implication of the dissimilar 
results obtained by Sekuler and Ball for detection and the 
later studies of matching and discrimination is that 
different mechanisms may mediate the detection of 
moving stimuli and the matching or the discrimination of 
velocity. In particular, the consistent absence of a 
direction-uncertainty effect in discrimination studies 
suggests that the mechanisms underlying the discrimina- 
tion of moving stimuli are tuned to speed, a scalar 
quantity, instead of velocity. The relevant parameter 
appears to be the angular speed of the retinal image and 
not perceived speed, as McKee and Welch (1989) found 
that discrimination thresholds are less precise for the 
l inear speed of targets presented to appear at different 
distances. 
Our conclusion that neural mechanisms tuned to speed 
or velocity mediate psychophysical velocity discrimina- 
tion raises a question of whether some current velocity 
coding models (e.g., a flicker/pattern ratio to define 
velocity, Harris, 1980; extended by Smith & Edgar, 
1994) adequately represent he processing of velocity 
information. The encoding of speed or velocity is not 
explicitly incorporated in these models, which, therefore, 
would make no prediction about he effect of interleaving 
stimulus velocities on the discrimination threshold. 
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